Objective To determine the microarchitecture of the cervix using high-resolution diffusion tensor (DT) magnetic resonance imaging (MRI).
Introduction
The human uterine cervix, a fibromuscular structure situated at the distal pole of the uterus, acts as a mechanical barrier and is key to the maintenance of pregnancy. This is largely achieved by its strength and length, preventing the ascent of vaginal microorganisms into the uterine cavity and discouraging the descent of fetal membranes into the vagina.
During normal pregnancy the cervix is a load-bearing organ, resisting forces generated by the myometrium, fetus, and amniotic sac. 1, 2 Cervical change in response to intrauterine pressure typically presents within the midtrimester with a funnelling of the internal os, as seen on transvaginal ultrasound. Ultrasonography is therefore a tool to identify women who may be at risk of delivering early, as a short cervix is related to an increased risk of preterm birth, yet it fails to explain why cervical change presents in this way. 3 A dense collagen network is thought to be central to resisting gestational forces, and accounts for up to 80% of the subepithelial stroma. [4] [5] [6] [7] By comparison, smooth muscle cells (18%) and elastin (<2%) form a small proportion of the tissue, [4] [5] [6] 8, 9 although a progressive increase of smooth muscle is seen towards the internal os. 8, 9 The respective roles and interplay between these stromal constituents remain largely unknown.
The biomechanical properties of the cervix are probably determined by the underlying fibre organisation and fibre directionality within the cervical stroma. 10, 11 Imaging studies have sought to determine cervical fibre directionality using X-ray diffraction, 10 optical coherence tomography, 11 second harmonic generation, 12 and diffusion tensor (DT) magnetic resonance imaging (MRI). 13, 14 The results produced are varied, yet together suggest a circumferential band of fibres that encircle the cervical canal. It has since been postulated that this band of circular fibres probably resist the forces associated with cervical dilation. 15 Given it is the internal os that typically funnels in cases of early cervical dilation, few studies have sought to describe the band of circular fibres in this region and whether differences exist when compared with distal regions of the cervix. Here we used DT-MRI and associated fibre-tracking methods to further characterise cervical structure. 16 This study also aimed to determine whether regional differences existed with regards to tissue properties, as indicated by quantitative measurements of diffusion, tract orientation, and volume.
Methods
Ethical approval was granted by the Yorkshire and Humber Regional Ethics Committee (reference number 15/YH/ 0111). Non-pregnant, premenopausal women undergoing total abdominal hysterectomy or vaginal hysterectomy for benign pathology were consented. No participants had a history of preterm birth, cervical weakness, or cervical excisional surgery.
Tissue preparation
Following hysterectomy, each uterus was immersed in a formal-saline solution (10% formalin, 0.9% sodium chloride, 4% formaldehyde) for 24 hours. The lower uterine pole and cervix were amputated from the remaining corpus via a transverse incision. The lower uterine pole and cervix were hemisected in the midsagittal plane and the right hemisection was made available for research. The lower uterine pole was subsequently detached from the cervix at the uterocervical junction. Each research sample was stored in a formal-saline solution for 1 week.
Prior to scanning, cervix samples were placed into polytetrafluorethylene (PTFE) cylindrical tubes (Cole-Parmer, Vernon Hills, IL, USA) and immersed in Fomblin (SigmaAldrich, St. Louis, MO, USA).
Image acquisition
Diffusion images were acquired on a Bruker Biospin (Ettlingen, Germany) 9.4-T vertical nuclear magnetic resonance spectroscopy (NMR/S) scanner with a 22-mm diameter imaging coil. A three-dimensional (3D) diffusionweighted spin-echo sequence was applied at 20°C with the following parameters: echo-time (TE) = 15-60 ms; repetition time (TR) = 500-1000 ms; b = 1148 s/mm 2 ; averages 3-8; matrix size = 256 9 256 9 256; slice thickness = 0.2-0.25 mm; and in-plane resolution = 0.2-0.25 mm. In each scan diffusion-weighted images were obtained in six directions, with an average scan time of 55 hours and 24 minutes. The protocol has been described in detail previously, with the parameters modified for the current study. 17 
Image analysis and quantitative measurements
All data were analysed in DSI STUDIO (dsi-studio.labsolver. org). 16 Diffusion-tensor MRI yields quantitative values that infer tissue architecture by measuring the intrinsic properties of the diffusion of water. Fractional anisotropy (FA) quantifies the deviation from isotropic diffusion on a continuum from 0 (isotropic/equal in all directions) to 1 (anisotropic/directionally dependent). 18 FA was calculated as follows:
where k 1 , k 2 , and k 3 correspond to the primary, secondary, and tertiary eigenvalues of the diffusion tensor, respectively. 17 The magnitude of diffusion, expressed as the apparent diffusion coefficient (ADC), is a measurement that reflects tract density and was calculated as follows:
where S(0) and S(b) are the signal intensities of each voxel obtained with the b values of 0 and 1148 s/mm 2 , respectively. 19 Larger ADC values correspond to decreased tract density. In this study, each image of the cervix was divided into five portions with respect to the length of each sample, and the upper (proximal), middle, and lower (distal) portions were selected for analysis. Regional FA and ADC intra-sample differences were determined for proximal, middle, and distal transverse regions of interest (ROIs).
Fibre-tracking methods
A deterministic fibre-tracking algorithm was applied to identify, visualise, and quantify the tracts within each cervix. 16 Fibres were visualised if FA was greater than 0.2, if the principal diffusion direction diverged by <35°c ompared with that of the previous voxel, and if the length of the fibre was greater than 10 mm. Transverse ROIs were segmented at the proximal, middle, and distal regions of each cervix. Circumferential tracts were depicted in these regions by segmenting each ROI in the mid-sagittal plane; tracts were visualised if they passed through the ROI. Total tract volume (mm 3 ) was calculated in DSI STUDIO for each of the three regions.
Statistics
Kruskal-Wallis rank sum tests were conducted to determine intra-sample differences in FA and ADC, and g 2 was used to calculate the effect size. The output of g 2 indicated the percentage variance in the dependent variable that was explained by the independent variable. Subsequent pairwise comparisons were performed using Dunn's procedure. 20 A Welch's ANOVA was conducted to determine inter-sample differences in tract volume in the segmented regions of the cervix. Subsequent pairwise comparisons were made using Games-Howell post-hoc analysis.
Data were presented as mean AE standard deviation, with statistical significance accepted at P < 0.05. All statistical analyses were performed using SPSS 23.0 (SPSS, Inc., Chicago, IL, USA).
Results
Seven patients were consented and cervical tissue was collected. Of these women, six were multiparous and one was nulliparous. The mean age of the patients was 44 years (Table 1) .
Qualitative findings
Analysis of colour-coded vector maps demonstrated a microarchitecture common to each cervix sample. In slices orthogonal to the long axis, an inner longitudinal layer and an outer circular layer were consistently identified at the proximal and middle portions of the cervix ( Figure 1A and B), although both were less evident towards the distal cervix ( Figure 1C and D) .
The randomised fibre-tracking reconstruction of approximately 5000 fibres further confirmed inner longitudinal tracts extending from the proximal to the middle cervix, parallel with the cervical canal, and outer encircling tracts (Figure 2A and E; Video S1). Segmentation of the encircling tracts in the proximal, middle, and distal cervix showed that this system of fibres became more prominent towards the proximal cervix (proximal = 
Quantitative evaluation
Intra-sample comparisons of FA demonstrated that regional measurements were significantly different (P < 0.0005) following Kruskal-Wallis analysis ( Figure S2 ; Table S1 ). The proportion of variability in FA accounted for by region ranged from 4 to 29%. In all instances, pairwise comparisons demonstrated significant differences (P < 0.0005) between regions. Mean FA values were largest in the proximal region in all samples, and values progressively decreased towards the distal region in six samples, indicating that tract organisation increased towards the proximal cervix. Similarly, Kruskal-Wallis analysis demonstrated that ADC measurements significantly differed between regions (P < 0.0005), with the proportion of variability in ADC accounted for by region ranging from 4 to 30% ( Figure S3 ; Table S2 ). Pairwise comparisons demonstrated significant differences (P < 0.0005) between all regions. Measurements of ADC were found to be lower in the proximal portion and progressively increased towards the distal region in six of the samples, indicating that tract density increased towards the proximal cervix. In the remaining sample, the ADC value was lowest in the middle region, followed by the proximal and distal regions.
Discussion

Main findings
Diffusion-tensor MRI and fibre tracking indicated a region of encircling fibres in the proximal region of the cervix, a location that corresponds to the internal os. Quantitative measurements of diffusion have also demonstrated greater tract uniformity and density in this region.
Strengths and limitations of the study
This study used a high-resolution 3D imaging technique that allowed for analysis along the length of the cervix, which in turn allowed for the determination of regional differences in tissue properties as measured by quantitative measurements of diffusion. There were several limitations associated with the study. women that had already received conservative management and then a subsequent hysterectomy for benign gynaecological pathology, and therefore may not be representative of a larger population of healthy women. For example, it is possible that treatment with gonadotropin-releasing hormone (GnRH) analogues may influence fibre density and thereby MR imaging. Secondly, ex-vivo imaging of fixed samples may be considered artificial and not comparable with invivo DT-MRI measurements; however, the imaging of fixed tissues provides the opportunity for longer scan times and images of greater resolution. 21 A general consensus must still be reached on whether tissue fixation alters the quantitative measurements that are yielded by diffusion imaging, yet regional differences observed with in-vivo and fresh-tissue imaging are observed in formalin-fixed samples. 22, 23 Furthermore, comparisons with fresh-tissue imaging show that although tissue shrinkage is observed following fixation, no obvious changes are seen in the orientation of the primary eigenvector. 23 Consequently, ex-vivo DT-MRI is becoming more commonplace in laboratory imaging studies.
Interpretation
The inference of encircling fibres within the cervix correlates well with previous ultrastructural studies. 10, 11 Furthermore, the two distinct fibre zones seen were in accord with previous ex-vivo and in-vivo DT-MRI observations. 13, 14 The prominence of the encircling fibres at the internal os may provide evidence of a specific microarchitecture that resists forces associated with pregnancy and encourages the possibility of an occlusive structure corresponding to this region of the cervix. Such an observation is consistent with previous biomechanical modelling. 1 How this translates to the clinical setting requires further study and inquiry. Nonetheless, it could be inferred that mid-trimester funnelling of the internal os, as observed on ultrasound, may result from an absence of or damage to these prominent encircling fibres.
Further investigation should also consider the composition of these encircling fibres at the internal os. The prevailing description of cervical morphology would suggest that these fibres are collagenous in nature, as it was previously noted that cervical stroma contains a minimal cellular component. [4] [5] [6] 24 Recently, however, new insights were offered following improved immunohistochemical analysis of 2D sections and functional studies. 9 Cervical smooth muscle cells were found to be circumferentially orientated around the periphery of the cervix, and were most abundant at the internal os. Furthermore, cervical tissue was seen to contract in response to oxytocin, with the internal os contracting with more force than the external os. Future studies could consider 3D reconstructive modelling of digitised histologic sections, to provide further insight into the occlusive structure at the internal os.
Quantitative measurements of diffusion demonstrate that the cervix is not a uniform structure, supporting previous histologic and radiographic observations. 8, 25, 26 Significant differences were observed in each identified region with regards to measurements of FA and ADC; however, this should be interpreted with caution, as the effect size ranged from weak to fairly strong across the sample for both quantitative measurements, and therefore significance may have been achieved through the volume of data being studied. Nonetheless, findings indicate that tract uniformity and density differ throughout the cervix at an intravoxel level, as 86% of the observations in the present study demonstrated that tract uniformity and density progressively increase towards the internal os. These regional differences may be reflected in the mechanical strength and performance of each region, although further investigation is necessary for this to be confirmed. In clinical practice, digital examination of the cervix during pregnancy sometimes shows a dilated external os whilst the internal os remains closed, which could be explained by the structural differences seen in this study. 27 The in-vivo application of DT-MRI to indirectly discern the fibre architecture of the human cervix may serve as biomarker to identify those who may have a weak cervix. This application is contingent on the trade-off among spatial resolution, scanning time, and signal-to-noise ratio. With advances in DT-MRI schemes, imaging at a submillimetre scale in vivo using a 3-T clinical scanner may be achievable. 28 The feasibility and acceptability of high-resolution DT-MRI use in the clinical setting, however, although technically possible, is yet to be ascertained. Future research may consider using such novel DT-MRI schemes to determine whether detailed images of the cervix can be obtained in this manner, but this was not within the scope of this study.
Conclusion
DT-MRI has been seen to be an effective tool in providing high-resolution images of the human cervix. Quantitative evaluation demonstrated increased tract uniformity and density within the cervix towards the proximal region. Fibre-tracking provided evidence of a system of dense, well-defined, encircling fibres corresponding to the location of the internal os. These observations encourage the re-examination of the role of the internal os during pregnancy, and prompt the development of high-resolution clinical imaging to examine this region in clinical practice.
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